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The end Triassic extinction (ETE) is one of the largest mass extinction events of the 
Phanerozoic, and it has been hypothesized that this event, as well as the Triassic-Jurassic (TJ) 
boundary, are preserved within the Moenave Formation of the Colorado Plateau. Identification of 
this boundary within southwest Utah sections of the Colorado Plateau region is critical for better 
understanding the relationship between climate change and the ETE in terrestrial, low latitude 
paleoenvironments. The Moenave Formation is well exposed in Blacks Canyon of Zion National 
Park and in the nearby Warner Valley, where detailed sedimentologic observations and carbon 
isotope sampling have been conducted. Chemostratigraphic correlation of the bulk organic 
carbon (δ13Corg) (this study) with carbonate carbon (δ13Ccarbonate) and oxygen isotope (δ18Ocarbonate) 
chemostratigraphy, detrital zircon U-Pb geochronology, and biostratigraphy provide new 
constraints on the location of the Triassic—Jurassic boundary and the ETE within the Moenave 
Formation. This study identifies three negative δ13Corg excursions (NCIE) within the Moenave 
Formation of Blacks Canyon. The first represents the “initial NCIE” at ~36 m above the base of 
the Dinosaur Canyon Member (DCM) with a magnitude of ~ -5 ‰, a second NCIE with a 
magnitude of ~ -6.8 ‰ occurs at ~47 m above the base of the DCM, and the third NCIE has been 
correlated to the “main NCIE” in the WPM with a magnitude of ~ -5.9 ‰ at ~69 m above the 
base of the formation. The onset of the ETE is associated with the initial NCIE while the TJ 
boundary is correlated to the main NCIE. Therefore, these δ13Corg data, in conjunction with 
detrital zircon U-Pb age constrains from chemical abrasion-thermal ionization mass spectrometry 
(CA-TIMS), suggest that the ETE occurs in the middle DCM, ~24-36 m above the base of the 
formation, and the TJB occurs higher in the section in the upper DCM or Whitmore Point 
Member (WPM). The locations of these boundary events and field- and drone-based 
observations and measurements are used to quantify the impact of climatic warming across the 
Late Triassic-Early Jurassic boundary by relating sedimentologic observations to 
paleohydrologic processes. Observations indicate a trend toward upwards-increasing and then 
decreasing channelization in the fluvial DCM, with an increase in median and P95 grain size, 
and possibly fluvial channel depth, near the onset of the ETE. These data are interpreted to 
reflect an increase in precipitation during, and possibly before, the ETE that ultimately 
culminated in formation of Lake Dixie, manifested as lacustrine facies of the Whitmore Point 
Member. This research provides the first direct evidence for the preservation of the ETE within 
the Moenave Formation and provides insight into the sedimentologic and hydrologic response to 
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Chapter 1: Introduction  
 
The end-Triassic extinction (ETE) event was one of the largest mass extinctions in 
Earth’s history and is characterized by a global rise in temperature estimated to be 3-6°C, a 50% 
loss of tetrapod species, and catastrophic megafloral turnover (Raup and Sepkoski, 1984; 
McElwain et al., 1999; Huynh and Poulsen, 2005; Blackburn et al., 2013). The ETE and 
associated atmospheric flux in carbon are estimated to have initiated at 201.564 ± 0.015 Ma and 
lasted about 600,000 years (Blackburn et al., 2013) in response to emissions of substantial 
atmospheric carbon dioxide (CO2) and methane (CH4) from the emplacement of the Central 
Atlantic Magmatic Province (CAMP) (Fig. 1), a large igneous province (LIP). The CAMP is 
associated with an influx of isotopically light carbon (12C) that produced a negative carbon 
isotope excursion (NCIE) in the sedimentary record 
(Beerling and Berner, 2002; Saltzman and Thomas, 
2012). Abrupt increases in global atmospheric 
temperature, hyperthermals, have been hypothesized to 
be direct responses to rapid additions of carbon to the 
Earth’s system. Such responses include an 
intensification of the hydrologic cycle, an increase in 
terrestrial erosion and weathering rates, and 
perturbations in the carbon isotopic system (Foster et 
al., 2018).  
The Moenave Formation preserves Triassic-
Jurassic fluvial-lacustrine sediments that were 
deposited in a low-latitude, terrestrial environment. 
Figure 1: Paleogeography of Pangea at 
~200 Ma. Red shading is an estimate of 
the extent of the Central Atlantic 
Magmatic Province (CAMP). Red dots 
indicate previous studies, the yellow dot 
represents the approximate location of 
this study, and C is the estimated plume 
center for the CAMP. After Suarez et 
al., 2017; modified from Ruiz-Martinez 
et al. (2012). 
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The Moenave Formation consists of two lithostratigraphic members: 1) the lower Dinosaur 
Canyon Member (DCM) and 2) the upper Whitmore Point Member (WPM) (Tanner and Lucas, 
2007). Previous research by Suarez et al. (2017) suggested that the ETE boundary should be 
located within the lower to middle DCM and the Triassic-Jurassic (TJ) boundary in the middle to 
upper DCM of the Moenave Formation. The first goal of this study is to constrain the 
lithostratigraphic position of the ETE and the Triassic-Jurassic boundary within the Moenave 
Formation from chemostratigraphic analysis of bulk organic carbon (δ13Corg) of the DCM 
combined with detrital zircon U-Pb geochronology. Accurately identifying the location and 
depositional age of the two boundaries (the ETE and TJ contact) within the Colorado Plateau 
would provide a critical low-latitude locality for understanding sedimentologic and biotic 
responses to one of the largest global warming and mass extinction events of the Phanerozoic 
(Raup and Sepkoski, 1984).  
The second goal of this study is to characterize changes in sedimentary characteristics of 
the fluvial DCM in relationship to the ETE, utilizing conclusions from the chemostratigraphic 
analysis. Characterizing changes observed across this boundary has the potential to provide a 
better understanding of how hyperthermals influence the Earth surface processes of sediment 
erosion, transport, and deposition (Foreman et al., 2012; Foster et al., 2018). This study aims to 
determine whether the ETE and associated climate change produced a discernable change in 
sedimentologic character within the fluvial member of the Moenave Formation. Ultimately, 
deciphering the sedimentary system response to climate change is important for understanding 
global carbon cycle dynamics, including the roles that weathering and erosion may play in 
removing CO2 from the Earth’s atmosphere (Foreman et al., 2012). 
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Geologic Background 
The Moenave Formation crops out on the Colorado Plateau in southwest Utah and 
northwest Arizona and was deposited in Late Triassic (Rhaetian) to Early Jurassic (Hettangian) 
time (Tanner and Lucas, 2007). The basal formation of the Glen Canyon Group, the Moenave 
Formation, includes red bed deposits of fluvial and lacustrine depositional systems. The 
Moenave Formation was deposited in a retro-arc foreland basin that formed on the western edge 
of the North American craton associated with Cordilleran magmatic arc system (Dickinson and 
Gehrels, 2009). The lower member of the Moenave Formation, the DCM, lies unconformably on 
the Chinle Formation (Upper Triassic) at the J-0 unconformity. The upper member of the 
Moenave Formation, the WPM, is unconformably overlain by the Springdale Member that is 
within the Kayenta Formation at the J-0’ unconformity (Lucas and Tanner, 2006; Kirkland et al., 
2014). 
The DCM was deposited within a vast north—northwest trending fluvial system with 
fluvial overbank and channel deposits sourced from the Mogollan Highlands to the south 
(Tanner and Lucas, 2010; Kirkland et al., 2014). Recent detrital zircon U-Pb provenance analysis 
by Boudreaux (2019) provided further insight to the sediment routing system of the DCM, which 
included a diverse array of sediment sources including the southern Mogollon slope, Cordilleran 
magmatic arc, and regions to the southeast that sourced Appalachian and Grenville detritus. The 
DCM is described as a reddish, feldspatho-quartzose (Garzanti, 2019), fine to very fine 
sandstone with interbedded mudstone and siltstone (Suarez et al., 2017; Boudreaux, 2019). The 
sandstone units are dominated by traction sedimentary structures including planar lamination, 
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climbing ripples, and trough cross-stratification that are indicative of fast-moving currents and 
rapid sediment deposition (Tanner and Lucas, 2007; Suarez et al., 2017). The sands of the DCM 
form three dominant types of sand body architectures: sheeted sandstones interbedded with mud 
Figure 2: Moenave Formation measured section from the St. George Dinosaur Discovery Site at 
Johnson Farm from Kirkland et al. (2014). The J-0 unconformity represents the contact between 
the basal DCM of the Moenave Formation and the Owl Rock member of the Chinle Formation. 
The J-0’ unconformity represents the upper contact with the WPM of the Moenave Formation 
and the Springdale Sandstone Member of the Kayenta Formation. 
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and silt which can be interpreted as sheet flood deposits; simple, solitary channel sandstone 
bodies with scoured bases that represent single-story channels; and multi-storied channelized 
sandstone bodies interpreted as braided channels (Olsen, 1989). The DCM contains abundant 
dinosaur and crocodylomorph tracks, including Eubrontes (a large therapod dinosaur thought to 
be a post-ETE biostratigraphic indicator), Anomoepus (an ornithischian dinosaur), and 
Batrachopus (a crocodylomorph) (Suarez et al., 2017).  
 The WPM represents an extensive, shallow lacustrine paleoenvironment deposited at the 
terminal end of the north to northwest trending DCM fluvial system. The WPM is typically 
identified at its base by small stromatolitic mounds, salt and gypsum casts, and sometimes 
mudcracks (Suarez et al., 2017). This shallow lake system, termed Lake Dixie, was laterally 
extensive and had fluctuating water levels throughout its existence (Kirkland and Milner, 2006). 
The WPM comprises mostly shales, siltstones, sandstones, and minor limestones divided into 
three depositional intervals of a lower shale and sandstone, a middle sandstone, and an upper 
shale interval (Suarez et al., 2017). The lower shale and sandstone is highly fossiliferous with 
well-preserved ostracodes, conchostracans, and plant and fish fragments; the middle sandstone 
contains tracks of Grallator and Anomeoepus along with abundant mudcracks, ripples, and 
burrows; and the upper shale is dominated by mud cracks and trace fossils (Suarez et al., 2017).   
Study Area 
 This research focuses on the northernmost outcrops of the Moenave Formation in 
southwest Utah (Fig. 3). The first part of this study (Chapter 2) focuses on the collection and 
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analysis of organic C-isotope data from 
Blacks Canyon, which is situated on the 
southern border of Zion National Park 
outside the city of Springdale, Utah. This 
study aims to combine new δ13Corg 
chemostratigraphy data with previous 
studies of C-isotope chemostratigraphy 
and detrital zircon U-Pb geochronology 
data collected from the Olsen Canyon 
locality within Warner Valley, the Potter 
Canyon locality, and the Willow Springs 
locality (Suarez et al., 2017; Boudreaux, 
2019).  
 The second focus of this research (Chapter 3) relates to the sedimentology and 
stratigraphy of the fluvial DCM, including investigation of additional outcrop localities in 
southwestern Utah that contain well-exposed DCM sections (Fig. 3). Measured sections, small 
unmanned aircraft system (sUAS) photogrammetry, and Gigapan panoramic photos were 
conducted at various Moenave Formation localities including Cedar City, Babylon Canyon 
within the Red Cliffs National Conservation Area, Blacks Canyon within Zion National Park, 
and multiple sections within Warner Valley. Lastly, measurements of fluvial channel depth and 
thalweg grain size were collected within the three sections within Warner Valley to quantify 
sedimentologic change within the DCM. 
Figure 3: Base map of the Moenave Formation 
outcrop trend belt (black line). Field sites where C-
isotope data was collected are represented in red, 
sites where detrital zircon U-Pb dates were 
previously conducted are in green, and locations 
where sedimentologic and stratigraphic data 
(Chapter 3) were collected are in yellow. Map 
modified from Suarez et al. (2017) 
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Chapter 2: Carbon-Isotope Chemostratigraphy 
Abstract 
Late Triassic – Early Jurassic bulk organic C-isotope (δ13Corg) curves collected and 
published from several sites in Europe and North America constitute the chemostratigraphic 
framework for globally correlating the ETE and the TJ boundary. While there are numerous 
studies on the age of stratigraphy within the Colorado Plateau (e.g., Tanner and Lucas, 2008; 
Dickinson and Gehrels, 2009; Donohoo-Hurley et al., 2010; Lucas et al., 2011; Suarez et al., 
2017), the nature and location of the terrestrial extinction event associated with the Central 
Atlantic Magmatic Province (CAMP), the ETE, remains in question due to difficulties dating and 
correlating these terrestrial strata. The Moenave Formation has been previously hypothesized to 
be Late Triassic to Early Jurassic in age, with biostratigraphy and magnetostratigraphy providing 
conflicting age estimates (Donohoo-Hurley et al., 2010; Lucas et al., 2011). This study presents 
the first high-resolution δ13Corg record from the DCM at Blacks Canyon, Utah. These results are 
integrated with complementary datasets from the Whitmore Point Member (WPM) at Blacks 
Canyon and Olsen Canyon (Suarez et al., 2017) and unpublished δ13Corg results from the DCM at 
Olsen Canyon (Suarez, pers. comm.).  
The δ13Corg data presented herein, combined with detrital zircon U-Pb geochronologic 
maximum depositional ages, suggest that a negative carbon isotope excursion (NCIE) of 
approximately -5.0‰ preserved in the middle DCM at ~36 meters above the base of the 
Moenave Formation coincides with the onset of the ETE observed in other C-isotope records. 
Additionally, a second NCIE of approximately -6.8‰ is preserved ~10 meters above the initial 
NCIE and is interpreted to be associated with mid-ETE CAMP emissions. This study provides 
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the first low-latitude, terrestrial δ13Corg record of the ETE, providing a key contribution to the 
global carbon isotope correlation of the Triassic-Jurassic transition.  
Introduction 
Earth’s atmospheric conditions, such as temperature and partial pressure of carbon 
dioxide (pCO2), are known to have fluctuated through time, mostly due to the outgassing of 
atmospheric greenhouse gasses from volcanic eruptions. Variations in the ratio of isotopically 
heavy to isotopically light carbon (13C/12C) have become a valuable means to analyze the global 
carbon-cycle through time (Saltzman and Thomas, 2012). The emplacement of large igneous 
provinces (LIPs) are associated with the release of massive amounts of volcanogenic carbon 
dioxide (CO2), and thus isotopically light carbon (12C), into the Earth’s atmosphere (Schaller et 
al., 2011). LIPs are known to be responsible for global warming and ocean anoxic events 
throughout geologic time (Wignall, 2001). Additionally, the emplacement of the most 
voluminous, continental LIPs in Earth’s history directly correlate to global mass extinction 
events (Rampino and Stothers, 1988; Bond and Wignall, 2014; Schobben et al., 2019) associated 
with carbon isotope excursions due to the decreased ratio of 13C/12C (Saltzman and Thomas, 
2012; Suarez et al., 2017). 
C-Isotope Chemostratigraphy and the Carbon Cycle  
 C-isotope chemostratigraphic analysis of bulk organic matter (Corg) and sedimentary 
carbonates (Ccarbonate) to identify carbon isotope excursions (CIE) in the terrestrial and marine 
rock record has become a crucial tool for identifying the preservation of global carbon 
perturbations (Saltzman and Thomas, 2012). Organic and carbonate carbon make up the 
dominant terrestrial carbon reservoirs and have distinct isotopic compositions and depend on the 
source and quantity of the carbon emitted into the global reservoirs. The isotopic compositions of 
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Corg and Ccarbonate are characterized by the partitioning of carbon isotopes between the two phases 
during isotope fractionation that occurs via two reaction mechanisms: 1) isotope exchange 
reactions and 2) kinetic fractionation (Berner, 1990; Hoefs, 2009). Isotope exchange reactions 
and kinetic fractionation lead to the enrinchement of 13C within Ccarbonate realtive to the 
atmosphere, while isotope fractionation from kinetic processes (namely fractionation during 
photosynthesis) cause the depletion of 13C within Corg relative to Catmosphere (Maslin and Thomas, 
2003; Hoefs, 2009). The relative depletion, or enrichment, of organic and carbonate carbon 
through the fractionation processes causes negative and positive isotopic anomolies that are 
preserved in the sedimentary rock record that provide important information for interpreting the 
history of perturbations to the global carbon cycle.  
 Carbon cycling occurs between the atmospheric and oceanic reservoirs of carbon on time 
scales of <1000 years, and the dissolved inorganic carbon (DIC) reservoir in the deep ocean is 
approximately 50 to 60 times larger than the atmospheric reservoir (Sundquist and Visser, 2003; 
Saltzman and Thomas, 2012). The variations in ẟ13C of DIC through geologic time are 
dominantly controlled by the size and rate of exchange fluxes between the amount of carbon 
stored as organic carbon relative to carbonate carbon (Berner, 1990). If comparatively more 
carbon is removed from the oceans in the form of organic carbon, as opposed to carbonate 
carbon, the ẟ13C value of DIC in the ocean increases. Therefore, when there is global net 
deposition of organic material the ẟ13C value DIC in the whole ocean increases, and the opposite 
is true when there is global net oxidation of organic matter (Shackleton, 1987; Berner, 1990). To 
preserve NCIEs in the sedimentary rock record, a large amount of isotopically light carbon must 
be rapidly added to the ocean-atmosphere carbon system from a lithospheric source. Examples of 
sources for isotopically light carbon include methane from the dissociation of gas hydrates with 
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ẟ13C values of approximately -60‰ (Dickens et al., 1995, 1997), the emplacement of 
volcanogenic carbon from the mantle with ẟ13C composition of approximately -5‰ (Hoefs, 
2009), degassing of organic-rich lithology during emplacement of such volcanogenic sources, or 
varying combinations of the two carbon sources (Zeebe et al., 2009). Conversely to the 
preservation of NCIEs, there are events in the global carbon cycle that preserve positive CIEs in 
the rock record. The prevailing interpretation of positive excursions in ẟ13C values is that they 
represent increases in global burial rates of organic carbon either by the increased productivity of 
of marine phytoplankton or increased preservation of organic carbon under anoxic oceans (Kump 
and Arthur, 1999).  
 The ETE and TJ boundary intervals have been reported in global terrestrial and marine 
ẟ13C records to contain two dominant carbon isotope excursions (CIE) that have been thought to 
have been derived from the emplacement of a LIP (the CAMP) and possible subsequent methane 
hydrate dissociation associated with the influx of isotopically light carbon into the ocean-
atmospheric carbon reservoirs (McElwain et al., 1999; Beerling and Berner, 2002; Schaller et al., 
2011). This study provides two high-resolution ẟ13Corg records for a terrestrial, paleo-low latitude 
sedimentary formation to expand on the global Late Triassic—Early Jurassic carbon isotope 
record. The organic carbon results will be paired with the corresponding  ẟ13Ccarbonate record and 
detrital zircon U-Pb geochronology results to provide a composite C-isotopic and 
geochronologic model for the Moenave Formation. 
Age Constraints 
Age constraints of the Moenave Formation are based on biostratigraphy, 
magnetostratigraphy, C-isotope chemostratigraphy, and detrital zircon U-Pb dating from 
   11 
previous studies (Donohoo-Hurley et al., 2010; Lucas et al., 2011; Kirkland et al., 2014; Suarez 
et al., 2017; Boudreaux, 2019). 
1. Biostratigraphy 
Throughout the DCM, abundant dinosaur and crocodylomorph tracks are found, 
including the post-ETE biostratigraphic indicators Eubrontes (large therapod dinosaurs), 
Anomoepus (ornithischian dinosaur), and Batrachopus (crocodylomorph) (Suarez et al., 2017). 
The suggestion that the DCM is Late Triassic in age in its lower part can be interpreted from 
preserved Grallator dominated tracks that lack Eubrontes and Late Triassic fauna (phytosaurs) 
that have been found within the laterally equivalent Wingate Sandstone (Tanner and Lucas, 
2007). The Wingate Sandstone contains additional Late Triassic tetrapod fauna, such as 
Redondasaurus and the ichnofauna Brachychirotherium that are widely recognized as pre-ETE 
biostratigraphic markers, suggesting that the lower sections of both the Wingate Sandstone and 
the laterally equivalent Moenave Formation are Late Triassic in age (Tanner and Lucas, 2007). 
In contrast, three ichnotaxa that are globally thought to be exclusively post-ETE, Batrachopus, 
Eubrontes, and Anomoepus, are found well below the WPM within Olsen Canyon DCM 
stratigraphy, with the lowest occurrence of Eubrontes at approximately 17.2 m above the J-0 
unconformity and the Chinle-DCM contact (Suarez et al., 2017). These data suggest that the 
ETE, if present in Colorado Plateau stratigraphy, is in the lower DCM. Additionally, 
palynomorph assemblages of Patinasporites and Valasporites that are considered pre-ETE have 
been documented in the lower DCM of the Moenave Formation, further suggesting that the ETE 
lies within the DCM (Downs, 2009). However, there is uncertainty associated with the precise 
location of the ETE in the DCM, particularly since there are reported instances of Eubrontes and 
Batrachopus in Triassic strata (Bernardi et al., 2013; Lucas et al., 2006). Milner et al. (2012) 
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argued that Patinasporites are rarely well preserved and cannot yet provide accurate age 
constraints in stratigraphy. 
2. Magnetostratigraphy 
A magnetostratigraphic interpretation of the Moenave Formation was conducted by 
Donohoo-Hurley et al. (2010) which was based on the magnetic polarity at four locations in 
southwestern Utah and northern Arizona. Donohoo-Hurley et al. (2010) then correlated these 
data with equivalent formations across the globe and placed the TJ boundary approximately 3 to 
13 meters above the DCM-WPM contact. Lucas et al. (2011) built upon the magnetostratigraphic 
data from Donohoo-Hurley et al. (2010) with supporting biostratigraphy data from 
conchostrachans, and both studies concluded that the Triassic-Jurassic boundary must have 
occurred within the lower to middle Whitmore Point Member. These studies concluded that, for 
all the above to be true, the DCM of the Moenave Formation must be latest Triassic in age, and 
therefore the ETE should be preserved within the DCM (Donohoo-Hurley et al., 2010; Lucas et 
al., 2011). 
3. C-isotope stratigraphy and detrital zircon U-Pb geochronology 
 The C-isotope chemostratigraphy study conducted by Suarez et al. (2017) correlated 
NCIEs within the Moenave Formation to global C-isotope chemostratigraphy records from St. 
Audrie’s Bay, England and Kuhjoch, Austria where the CAMP and the TJ boundary are known 
to occur (Lindström et al., 2017).  Suarez et al., (2017) concluded that the globally correlative 
initial NCIE of the ETE associated with the CAMP should be within the lower to middle DCM, 
if present at all, on the basis of detrital zircon U-Pb maximum depositional age constraints 
acquired via chemical abrasion-isotope dilution-thermal ionization mass spectrometry (CA-ID-
TIMS): 201.33 ± 0.07/0.12 Ma from the upper sands of the DCM at Potter Canyon, AZ and 
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201.28 ± 0.11/0.15 Ma from the middle sandstone of the WPM at Blacks Canyon, UT. These 
dates, paired with detrital zircon U-Pb dates acquired via laser ablation-inductively coupled 
plasma mass spectrometry (LA-ICP-MS) by Boudreaux (2019), help constrain the stratigraphic 
location of the ETE. The age of ETE onset was estimated by Blackburn et al. (2013) to be 
201.564 ± 0.015 Ma and the TJ boundary was estimated by Hillebrandt et al. (2013) to be 201.3 
± 0.2 Ma. Suarez et al. (2017) identified a significant, ~ -5.9 ‰, NCIE in the lower WPM (~5.5 
m above the DCM-WPM contact) at Potter Canyon, AZ, in the δ13Corg chemostratigraphic curve, 
but concluded that this NCIE does not correlate with the initial NCIE of the ETE on the basis of 
a detrital zircon TIMS date of 201.2 ± 0.11 Ma at the base of the NCIE. Boudreaux (2019) 
collected a total of 5190 detrital zircon U-Pb analyses via LA-ICPMS from 22 detrital zircon 
samples within three sections: Willow Springs, Blacks Canyon, and Olsen Canyon. Maximum 
depositional age (MDA) estimates were derived using several metrics, including the youngest 
single grain (YSG), youngest grain cluster that overlaps within 1σ uncertainty (YGC 1σ) or 2σ 
uncertainty (YGC 2σ), the youngest three zircons (Y3Zo), the youngest statistical population 
(YSP), and the tauMethod (Boudreaux, 2019). The majority of samples that contained young 
(i.e., near depositional age) detrital zircon yielded MDA calculations that were near the ETE and 
TJ boundary, supporting a latest Triassic or younger age assignment for the Moenave Formation 
(Boudreaux, 2019). Although these detrital zircon LA-ICPMS data were consistent with the 
placement of the ETE in the lower DCM, a more precise refinement was precluded by the 
relatively low precision of LA-ICP-MS analysis and by a number of grain analyses that seemed 
to exhibit spuriously young U-Pb dates, possibly a consequence of analytical scatter and/or 
undetected Pb-loss. 
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Methods  
Fieldwork was conducted at Olsen Canyon within Warner Valley and Blacks Canyon 
within Zion National Park (Fig. 3). A sample transect of the DCM was conducted in November 
of 2018 for bulk δ13Corg chemostratigraphy. To achieve a high-resolution C-isotope record, 
samples were collected in 25 cm increments through the mud- and silt-rich units and in 50 cm 
increments in the thick, homogenous sand-rich units. Sections started in the uppermost Chinle 
Formation in an effort to make sure the ETE boundary was sampled in the Moenave Formation, 
if present, and ended in the uppermost DCM of the Moenave Formation (Fig. 4).  In total, 154 
samples were collected from the ~64 m section. Samples from this transect were also analyzed 
for carbonate C-isotope (δ13Ccarbonate) and O-isotope (δ18Ocarbonate) chemostratigraphy (Mmasa, 
Figure 1: Image A represents a Google Earth image of the two sections of Blacks Canyon 
outcrop used for chemostratigraphic transects and measuring section. The chemostratigraphic 
transect is represented by the white lines in Image B and C. Stratigraphic boundaries between 
units are marked in blue. 
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2021). Previously published δ13Corg data from the WPM (Suarez et al., 2017), when added to the 
new δ13Corg data presented herein, provide the first complete δ13Corg transect of the Moenave 
Formation at Blacks Canyon, the northernmost of any existing C-isotope transect from  
this formation. In addition, this study incorporates previously published (e.g., Suarez et al., 2017) 
and unpublished δ13Corg results from Olsen Canyon, Utah and Potter Canyon, Arizona (Fig. 3).  
Bulk organic carbon samples were prepared using the method of Suarez et al. (2013). To 
obtain δ13Corg, samples were first dried and then crushed into a fine powder with a mortar and 
pestle and prepared for decarbonation. A modified decarbonation method from Suarez et al. 
(2013) was followed in order to remove the inorganic carbon in the form of carbonate. 30 mL of 
3M HCl was added to ∼1 g of sample and reacted for ∼2–4 h or until the reaction went to 
completion. Samples were then rinsed to neutrality with deionized water, dried, and crushed 
(Suarez et al., 2013). Following the decarbonation process, ~20 mg of crushed sample was 
weighed into tin capsules using a Mettler Toledo DeltaRange microbalance with an accuracy of 
± 0.002 mg for analysis on a ThermoFinnigan Delta Advantage isotope ratio mass spectrometer 
(IRMS) via combustion in an elemental analyzer at the University of Arkansas Stable Isotope 
Laboratory. δ13Corg is recorded in per mil (‰) relative to VPDB (Vienna Pee Dee Belemnite) and 
is calculated with the use of laboratory standards. Instrument stability, accuracy, and precision 
are also monitored via standard analysis. Results from the IRMS were calibrated using the 
following internal and international standards: Corn Maize (−11.33 ± 0.11‰, actual = −11.32‰, 
high standard), White River Trout (−26.60 ± 0.15‰, actual = −26.63‰, low standard), Acet D 
(−25.82 ± 0.02‰, actual = −25.76‰), and ANU Sucrose (−10.46 ± 0.05‰, actual = −10.4‰). 
Total organic carbon within the decarbonated samples were calculated using Sandy Soil (−25.95 
± 0.49‰; %C = 0.83 ± 0.07) following the methods of Suarez et al. (2013).  
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The stratigraphic location of each sample within the DCM is plotted against δ13Corg along 
with δ13Ccarbonate and δ18Ocarbonate (Mmasa, 2021) to construct a total C-isotope curve, in 
conjunction with the C-isotope curve previously constructed for the WPM of Blacks Canyon 
(Suarez et al., 2017). Correlation with other, previously sampled Moenave Formation outcrops 
(Olsen Canyon and Potter Canyon) is used to corroborate trends in the carbon isotope excursions 
for δ13Corg and δ13Ccarbonate. Ultimately, the NCIEs preserved in the Olsen Canyon and Blacks 
Canyon C-isotope curves were correlated to corresponding NCIEs preserved in three well-
documented sections that are known to preserve the ETE and TJ boundary: the New York 
Canyon section, Nevada; the St. Audrie’s Bay curve, England; and Kuhjoch, Austria (Ruhl et al., 
2009; Lindström et al., 2017).  
Results 
 The base of the total δ13Corg curve for the Moenave Formation at Blacks Canyon starts at 
the Chinle-Moenave contact, the J-0 unconformity, and the new data collected for this research 
extends to the top of the DCM at a stratigraphic height of 63.5 m above the basal contact (Fig. 2). 
The results presented in Figure 2 also include the previously collected C-isotope 
chemostratigraphic data collected by Suarez et al. (2017) and the combined carbonate C- and O-
isotope chemostratigraphic data collected by Mmasa (2020). The average background δ13Corg 
value for Blacks Canyon prior to any carbon isotope excursion (CIE), calculated between 0 and 
26.25 m above the base of the Moenave Formation, is -24.93‰ ± 0.9‰. At 27 m above the basal 
Moenave contact there is a slightly positive CIE (~2‰) over an interval of 3.5 m. Following this 
minor positive CIE, the first major NCIE in the Blacks Canyon section, labeled CIE 1, is 
observed at 36 m above the basal Moenave contact with a magnitude of -5‰ (Fig. 2). CIE 1 lasts 
for 
   17 
Figure 2: Blacks Canyon combined δ13Corg, δ13Ccarbonate, and δ18Ocarbonate plotted against 
stratigraphic height above the Chinle-Moenave basal contact for Blacks Canyon, Utah. Detrital 
zircon U-Pb MDA estimates from LA-ICPMS (Boudreaux, 2019) and CA-ID-TIMS (unpublished) 
are shown. The first carbon isotope excursion (CIE 1) occurs at ~36 m above the base of the 
Moenave Formation in the DCM. The second carbon isotope excursion (CIE 2) occurs at ~47 m 
above the basal contact in the DCM, and the third carbon isotope excursion (CIE 3) occurs at 
~69 m above the Moenave-Chinle contact and ~5.5 above the DCM-WPM contact. 
Abbreviations: YSP: Youngest Statistical Population; Grain Size Classes: cl: clay, m: mixed 
clay/silt, si: silt, vfl: very fine lower sand, vfu: very fine upper sand, fl: fine lower sand, fu: fine 
upper sand, m: medium sand, c: coarse sand, lmst: limestone. 
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8.25 m (36 to 44.25 m) before δ13Corg values return to pre-excursion values. Shortly after δ13Corg 
values recover from CIE 1, there is another negative CIE in δ13Corg values with a magnitude of -
6.8‰, labeled CIE 2 in Figure 2. CIE 2 starts at 47.25 m and ends at 50.5 m above the basal 
Moenave contact and is the first NCIE that is evident in all three isotopic systems reported (i.e., 
δ13Corg, δ13Ccarbonate, and δ18Ocarbonate; Fig. 5). Above CIE 2, the δ13Corg values recover to a 
background value of -26.38‰ ± 1.1‰. The final NCIE preserved in Blacks Canyon within the 
Moenave Formation starts at 69 m above the Chinle-Moenave contact and 5.5 m above the 
DCM-WPM contact and persists through the rest of the WPM stratigraphy. The magnitude of 
CIE 3 is -6.5‰, and extends 10 m into the WPM, and is subsequently paired with a similar CIE 
in the δ13Ccarb record.  
 δ13Corg results from the Olsen Canyon section of Warner Valley, Utah are presented in 
Figure 3 with the combined δ13Ccarbonate, δ18Ocarbonate, and detrital zircon geochronology results. 
The average background δ13Corg value for Olsen Canyon prior to a major CIE, calculated 
between 9.36 and 17.61 m above the basal Moenave Formation contact, is -27.71‰ ± 0.4‰. 
There is a slight NCIE (~ -2‰) starting at 1.75 m and extending over an interval of 5.5 m. The 
first major NCIE in the Olsen Canyon section (Fig. 3, CIE 1) is observed at 24 m above the basal 
Moenave contact with a magnitude of -3.0‰, extends over 3.25 m (24 to 27.25 m) and is paired 
with negative isotope excursions in the δ13Ccarbonate and δ18Ocarbonate records. Shortly after δ13Corg 
values recover from CIE 1, there is a second negative CIE in δ13Corg values with a magnitude of -
2.0‰, labeled CIE 2 in Figure 3. CIE 2 starts at 29 m and extends 11 m to 40 m above the base 
of the Moenave Formation. The third and final NCIE preserved in Olsen Canyon occurs in the 
WPM, begins at 41 m above the base of the Moenave Formation, and extends through to the top 
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of the WPM for a total of 14 m. The magnitude of CIE 3 is -2.5‰ and is paired with a negative 
CIE in the δ13Ccarbonate record with a magnitude of -3.5‰.   
Discussion  
 The three Blacks Canyon NCIEs found in the C-isotope curve can be correlated to the 
three NCIEs found in the Olsen Canyon section (Fig. 4). The Blacks Canyon CIE 1, starting at 
Figure 3: Olsen Canyon combined δ13Corg, δ13Ccarbonate, and δ18Ocarbonate plotted against 
stratigraphic height above the Chinle-Moenave basal contact for Blacks Canyon, Utah. 
Detrital zircon U-Pb MDA estimates from LA-ICPMS (Boudreaux, 2019) and CA-ID-TIMS 
(unpublished) are shown. The first carbon isotope excursion (CIE 1) occurs at ~24 m 
above the base of the Moenave Formation in the DCM. The second carbon isotope 
excursion (CIE 2) occurs at ~29 m above the basal contact in the DCM, and the third 
carbon isotope excursion (CIE 3) occurs at ~41 m above the Moenave-Chinle contact and 
~2 m above the DCM-WPM contact. 
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36 m above the Chinle—Moenave Formation contact, can be correlated to CIE 1 in the Olsen 
Canyon section that starts at 24 m above the base of the Moenave Formation (green polygon, 
Fig. 4). CIE 1 in Blacks Canyon extends over ~2.5 times thicker stratigraphic interval than CIE 1 
in Olsen Canyon and is -2‰ more negative. The LA-ICP-MS and CA-ID-TIMS ages, plotted 
along the measured sections, are consistent with the interpretation that these two NCIEs are 
correlative. There is an MDA YSP age of 201.8 ± 2.7 Ma at 34 m above the basal Moenave in 
Blacks Canyon that overlaps with, within the margin of error, the CA-ID-TIMS age in Olsen 
Canyon of 201.2 ± 0.08 Ma at 27 m above the base of the Moenave Formation. CIE 2 in Blacks 
Canyon is interpreted to correlate to CIE 2 in Olsen Canyon; both are located ~2 m above the 
end of the excursion associated with CIE 1 (Fig. 4). The last NCIE preserved in both sections, 
CIE 3, is found within the WPM and is interpreted to be correlative between Blacks Canyon and 
Figure 4: Correlation of δ13C within the Blacks Canyon and Olsen Canyon sections within 
southwest Utah. 
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Olsen Canyon. The Blacks Canyon section has a CA-ID-TIMS MDA age of 201.2 ± 0.11 Ma 
directly above the base of CIE 3, consistent with an approximate TJ boundary age (201.3 ± 0.2; 
Hillebrandt et al., 2013) for CIE 3. The YSP age of 199.9 ± 2.8 Ma at 47 m above the base of the 
Moenave at Olsen Canyon (6 m above CIE 3) is in agreement with an upwards-younging trend 
through the WPM.  
 The Blacks Canyon δ13Corg curve presented in Figure 5 represents the longest and most 
complete C-isotope chemostratigraphy section published for the Moenave Formation to date, and 
when combined with C-isotope chemostratigraphic data for Olsen Canyon, a correlation to the 
global C-isotope curve is possible. Because relatively few examples of the ETE and TJ 
boundaries are preserved in terrestrial sediments (Pálfy et al., 2001; Hesselbo et al., 2002; Ruhl 
et al., 2009; Whiteside et al., 2010), the C-isotope chemostratigraphic record from the Moenave 
Formation is correlated to better documented, dominantly marine ETE and TJ boundary sections. 
The St. Audrie’s Bay section of England is one of the most well-studied localities with marine 
preservation of the ETE and TJ boundary biotic event (Hesselbo et al., 2002; Lindström et al., 
2017). Figure 5 presents the correlation from the terrestrial sections included in this study to 
three main curves from three other localities: the New York Canyon section, Nevada; the St. 
Audrie’s Bay curve, England; and the Kuhjoch section, Austria (Ruhl et al., 2009; Lindström et 
al., 2017).  
CIE 1 is represented at its base by the green line connecting the sections, and its duration 
is expressed with the opaque green box (Fig. 5). CIE 1 is interpreted to extend over a greater 
thickness in the Blacks Canyon section (7.5 m) than in the Olsen Canyon (3.25 m), New York 
Canyon (~1.5 m), St. Audrie’s Bay (~2 m), or Kuhjoch (~1.25 m) sections (Fig. 5). These 
thickness variations likely represent differences in sediment accumulation rates and  
 








Figure 5: Global correlation curve of Blacks Canyon and Olsen Canyon to the New York Canyon section, Nevada, the St. Audrie's 
Bay section, England, and the Kuhjoch section, Austria. Green represents the first negative CIE associated with the onset of the ETE 
(CIE 1). Red is correlative to CIE 2 and represents the negative CIE associated with mid-ETE (pre-TJ boundary), and blue is CIE 3 
that represents the negative CIE associated with the TJ boundary. 
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stratigraphic preservation and possible reworking via pedogenesis in the Blacks Canyon and 
likely the Olsen Canyon sections. CIE 1 is interpreted to represent the first of a series of NCIEs 
(the “initial NCIE”) associated with the climatic events that occurred during the Late Triassic-
Early Jurassic transition, and thus is interpreted to reflect the onset of the ETE as a result of 
CAMP volcanism (Lindström et al., 2017). This data conflicts with the biostratigraphic marker 
Eubrontes which is thought to be post-ETE, since Eubrontes occurs ~6.5 meters below the 
interpreted location of the ETE within the Olsen Canyon section (Fig. 3). However, the 
reliability of the Eubrontes as a biostratigraphic marker is questioned herein on the basis of the 
global correlation of the δ13Corg and high-resolution CA-ID-TIMS ages paired with previous LA-
ICP-MS MDA studies (Fig. 5). The lowest occurrence of the Eubrontes biomarker has been 
thought to represent the base of the Jurassic after the discovery of Eubrontes tracks in the earliest 
Jurassic strata of the Newark Supergroup (Olsen et al., 1984). However, large therapod dinosaur 
tracks assigned to Eubrontes have been reported in Triassic stratigraphy of Australia, Africa 
(Lesotho), Europe (Great Britain, France, Italy, Germany, Poland-Slovakia, Scania), and eastern 
Greenland, thus further questioning the validity of the ichnotaxon Eubrontes as a biostratigraphic 
marker as exclusively post-ETE (Lucas and Tanner, 2006, 2015; Niedźwiedzki, 2011; Bernardi 
et al., 2015). CIE 2 is represented at its base as a red line in Figure 5 and an opaque red polygon 
mapping its stratigraphic extent. CIE 2 is interpreted to extend over a shorter thickness in the 
DCM of the Blacks Canyon section (5 m) than in the Olsen Canyon section (11 m) but is more 
similar in thickness to a second CIE in the New York Canyon, St. Audrie’s Bay, and Kuhjoch 
sections (~3-5 m). Despite the Olsen Canyon section being the thinner of the two Moenave 
Formation sections, the Olsen Canyon section preserves the thickest CIE 2 which could be 
accounted for by the thickness of the upper sand bodies in the Olsen Canyon section, versus the 
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Blacks Canyon section, that reflect rapid deposition. CIE 2 is most prominent in the New York 
Canyon and Kuhjoch sections in which CIE 2 has a similar magnitude as CIE 1. The variability 
and extent of CIE 2 is not consistent across ETE sections, as seen in the two Moenave Formation 
sections presented here and other ETE and TJ boundary NCIEs preserved in the global rock 
record (Ruhl et al., 2009; Lindström et al., 2017). Lindström et al. (2017) however, note more 
than two NCIEs, but rather at least three. It is possible CIE 2 represent a resurgence in CAMP 
volcanism after a period of dormancy or an expression of extreme variability in seasonality 
associated with high pCO2 levels and large-magnitude climate fluctuations (Blackburn et al., 
2013; Whiteside et al., 2015).  
The third and final NCIE (CIE 3) preserved in the Moenave Formation occurs in the 
WPM in both the Blacks Canyon and Olsen Canyon sections. CIE 3 extends for the majority of 
stratigraphy of the WPM, an observation that is consistent with the long duration of this NCIE in 
other global sections that include an initial sharp decline in δ13Corg followed by a shallow decline 
in δ13Corg over ~4.3 Myr. (Ruhl et al., 2009; Lindström et al., 2017). CIE 3 in the Moenave 
Formation (Figs. 4 and 5) is interpreted to be the main NCIE associated with CAMP volcanism 
that includes the TJ boundary. 
Figure 6 presents depositional age models of the Moenave Formation at Blacks Canyon 
and Olsen Canyon, based on both the carbon isotope chemostratigraphic results discussed above 
and maximum depositional age constraints from detrital zircon U-Pb analysis (LA-ICP-MS 
results from Boudreaux, 2019; CA-ID-TIMS results from Suarez et al., 2017 and unpublished). 
Depositional age at any given stratigraphic height is constrained within the grey polygons, with 
the red dashed line representing one possible interpretation (Fig. 6). High-precision (i.e., ~0.01% 
2σ analytical uncertainties) CA-ID-TIMS dates provide the most constraining MDA estimates, 
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with three samples at Blacks Canyon showing an upwards-younging trend from 203.71 ± 0.09 
Ma immediately above the base of the DCM, 201.88 ± 0.06 Ma at 28 m, and 201.3 ± 0.2 Ma at 
78.3m (Fig. 7). CIE 1 is interpreted to represent the onset of the ETE at 201.564 ± 0.015 Ma 
(Blackburn et al., 2013) and CIE 3, preserved in the WPM, is interpreted to correlate to the main 
CIE associated with the TJ boundary at 201.3 ± 0.2 Ma (Hillebrandt et al., 2013). 
The CA-ID-TIMS age of 203.71 ± 0.09 Ma at the base of the DCM and the age of 201.88 
± 0.06 Ma at 28m above the base of the Moenave Formation at Blacks Canyon constrain the 
maximum basal age for the Moenave Formation (Fig. 6). According to the C-isotope 
chemostratigraphic correlation (Fig. 5), the ETE is present in the section at 35.75 m above the 
basal Moenave contact with an age of 201.564 ± 0.015 Ma (Blackburn et al., 2013). The WPM 
within Blacks Canyon is additionally constrained with a maximum depositional CA-ID-TIMS 
Figure 6: Age correlation diagram for Blacks Canyon and Olsen Canyon with MDAs (LA-ICP-
MS and CA-ID-TIMS) and δ13Corg CIE age constraints plotted against stratigraphic height. Red 
dashed line represents one possible interpretation of the depositional age of the Moenave 
Formation with the allowable uncertainty window shaded in grey polygons. 
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age of 201.2 ± 0.11 Ma at a stratigraphic height of 71 m, and the interpreted TJ boundary 
associated with negative CIE-3 with an age of 201.3 ± 0.2 Ma at 69 m (Hillebrandt et al., 2013; 
Suarez et al., 2017). Ultimately, both the Blacks Canyon and Olsen Canyon age models use a 
CA-ID-TIMS age of 198.23 ± 0.08 Ma collected from the uppermost Moenave Formation, 8m 
below the Moenave Fm.-Kayenta Fm. contact, at the Willow Springs section (Boudreaux, 2019), 
to constrain the maximum depositional age possible for the top of the section.  
The Olsen Canyon age model (Fig. 6) is not directly tied to a high-resolution CA-ID-
TIMS age at the base of the DCM. However, the two YSG dates at OC 18/02 (203.8 ± 5.7 Ma) 
and OC 18/03 (201.1 ± 5.6 Ma) at 0 and 0.5 m, respectively, are in the same age range of the 
basal CA-ID-TIMS age of 203.71 ± 0.09 Ma found at the base of the Blacks Canyon section 
(Fig. 3). Therefore, assuming instantaneous deposition of the two sections, the preferred Olsen 
Canyon age model uses the MDA of 203.71 ± 0.09 Ma to constrain the basal age of deposition 
(Fig. 6). According to the global C-isotope chemostratigraphic correlation (Fig. 5) the ETE is 
present in the Olsen Canyon section starting at 25 m above the basal Moenave contact (CIE 1 
yellow star, Fig. 6) that corresponds to a depositional age of 201.564 ± 0.015 Ma (Blackburn et 
al., 2013). A post-ETE CA-ID-TIMS age of 201.2 ± 0.08 Ma (OC 18/06) is present ~2 m above 
CIE 1.  The apparent rapid change in age (201.564 ± 0.015 to 201.2 ± 0.08 Ma) over just 2 m of 
stratigraphic section suggests possible missing section or a relatively low rate of deposition in the 
interval between CIE 1 and the OC 18/06 sample (from 25 to 27 m; Fig. 6). The third age 
constraint for the Olsen Canyon depositional age model, CIE 3, occurs directly above the 
DCM—WPM contact at ~40 m above the base of the Moenave Formation and is interpreted to 
represent the depositional age of the TJ boundary at 201.3 ± 0.2 (Hillebrandt et al., 2013). The 
Olsen Canyon age model then utilizes the CA-ID-TIMS age of 198.23 ± 0.08 Ma from the 
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uppermost Moenave Formation at Willow Springs (Boudreaux, 2019) to constrain the maximum 
possible age of deposition for the top of the Moenave Formation. 
The uncertainty in the depositional age models for the lower DCM, both in the Blacks 
Canyon and Olsen Canyon sections, provides room for interpretation on the actual rate of 
deposition prior to the ETE (CIE 1) (Fig. 6). However, if the CA-ID-TIMS date from ZS 18/07 is 
close to the age of deposition, a slower rate of deposition can be inferred prior to the onset of the 
ETE relative to after the ETE onset (Fig. 6). CIE 1 and 2 in both the Blacks Canyon and Olsen 
Canyon sections provide tight age constraints on the depositional age of the interval following 
the onset of the ETE to the TJ boundary and suggest a faster rate of sedimentation through this 
interval relative to above and below (Fig. 6). Finally, the youngest CA-ID-TIMS date of 198.23 
± 0.08 Ma from the upper Moenave Formation at the Willow Springs section constrains the 
depositional age of the uppermost Moenave Formation and implies a subsequently slowed rate of 
deposition following the TJ boundary (CIE 3) in both the Blacks Canyon and Olsen Canyon 
sections (Fig. 6). 
The LA-ICP-MS data reported by Boudreaux (2019) are in broad agreement with the age 
model shown in Figure 6, but several samples contain problematically young grains that result in 
MDA estimates that are younger than the interpreted age model. For example, samples ZS 18/01 
and OC 18/06 both yielded Early Jurassic MDA calculations that are ~6-9 Ma younger than the 
corresponding CA-ID-TIMS dates from these same samples (Fig. 6; Boudreaux, 2019). 
Similarly, sample ZS 18/04 yielded a YC1σ age of 193.6 ± 6.3 Ma, which is ~7.6 Ma younger 
than the CA-ID-TIMS date reported by Suarez et al. (2017) from the approximately same 
stratigraphic level. In the Willow Springs section, sample WS 18/08 yielded MDA calculations 
that are ~5 Ma younger than the corresponding CA-ID-TIMS age (200.2 ± 0.17 Ma) from the 
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same sample. These comparisons suggest that some MDA estimates derived from relatively low 
precision LA-ICP-MS may skew too young in certain circumstances, possibly a result of 
analytical scatter, Pb-loss, and/or systematic uncertainties (Gehrels, 2014; Andersen et al., 2019). 
Conclusion 
 New carbon isotope chemostratigraphic data from the DCM at Blacks Canyon, when 
combined with existing δ13Corg, δ13Ccarbonate, δ18Ocarbonate, and detrital zircon U-Pb results (Suarez 
et al., 2017; Boudreaux, 2019; Mmasa, 2020; Sharman, pers. comm), provides new constraints 
on the position of the ETE and TJ boundary in the Moenave Formation of southwestern Utah. 
The Blacks Canyon δ13C sections reveal three NCIEs. The first (CIE 1) is present at 36 m above 
the base of the Moenave Formation within the middle DCM and has a magnitude of ~ -5 ‰ that 
represents the initial NCIE associated with the onset of the ETE at 201.564 ± 0.015 Ma 
(Blackburn et al., 2013). CIE 1 is bracketed between two high-precision CA-ID-TIMS dates: ZS 
18/01 at Blacks Canyon at 201.88 ± 0.06 Ma below CIE 1 and OC 18/06 at Olsen Canyon at 
201.2 ± 0.065 Ma above CIE 1. The second NCIE (CIE 2) is observed in the Blacks Canyon 
section within the DCM at 47m above the basal Moenave contact and is interpreted to represent a 
second pulse of carbon emissions associated with the ETE. However, the depositional age of CIE 
2 is not well constrained in the global δ13C record. The third NCIE (CIE 3) occurs in the lower 
WPM at 69 m above the basal Moenave contact, 5.5 m above the DCM—WPM contact, and is ~ 
-5.9 ‰ in magnitude. CIE 3 represents the main NCIE associated with the TJ boundary that has a 
well constrained age of 201.3 ± 0.2 Ma (Hillebrandt et al., 2013). These Blacks Canyon results 
are correlated to similar NCIEs within the stratigraphically thinner Olsen Canyon section with 
CIE 1 preserved in the middle DCM at 24 m above the basal contact and CIE 3 (the main NCIE 
  
   29 
associated with the TJ boundary) in the lower WPM at 41 m above the basal contact and 1 m 
above the DCM—WPM contact. 
The depositional age models presented for the Moenave Formation in Figure 6 display 
three dominant phases of deposition. The first period of deposition, prior to CIE 1 and the ETE, 
likely had a slower rate of sedimentation based on a CA-ID-TIMS age of 203.71 ± 0.09 at the 
base of Blacks Canyon and an additional CA-ID-TIMS age of 201.88 ± 0.88 Ma ~8 m below 
CIE 1 that is in agreement with the placement of the ETE onset (CIE 1) within both Moenave 
Formation sections. The second period of deposition between CIE 1 and CIE 3 represents a 
comparatively rapid rate of deposition after the onset of the ETE and before the TJ boundary. 
The CA-ID-TIMS ages in this interval remain in agreement with the placement of the two CIEs 
in both sections. In Olsen Canyon, a CA-ID-TIMS date of 201.2 ± 0.11 Ma is located ~2 m 
above CIE 1 that is interpreted to represent the ETE (201.564 ± 0.015 Ma; Blackburn et al., 
2013), implying a local reduction in the vertical aggradation rate and/or a break in sedimentation 
immediately following the onset of the ETE. The third phase of sedimentation following the TJ 
boundary (CIE 3) is constrained by the post-TJ boundary CA-ID-TIMS age of 201.3 ± 0.2 Ma 
(ZWP-2015) following the preservation of CIE 3 and the youngest age at the top of the Willow 
Springs section of 198.23 ± 0.08 Ma. These constraints suggest a reduced rate of sedimentation 
in the WPM relative to the underlying DCM. 
The new C-isotope curve presented herein represents the first high-resolution, composite 
δ13Corg record spanning the terrestrial Late Triassic-Early Jurassic of Western Pangea. This study 
verifies the presence of the ETE and TJ boundary within the Moenave Formation by combining 
new high-resolution detrital zircon U-Pb geochronologic data with NCIEs preserved in the δ13C 
record. The depositional age models presented herein for the Moenave Formation at Blacks 
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Canyon and Olsen Canyon reveal varying rates of sedimentation prior to the ETE, between the 
ETE and TJ boundary, and after the TJ boundary. These new depositional age constraints expand 
on the first robust geochronologic evidence of the depositional age of the Moenave Formation 
initiated by the previous works of Tanner and Lucas (2007), Donohoo-Hurley et al. (2010), 
Suarez et al. (2017), and Kirkland et al. (2014). Correlation with records generated across the 
globe indicate that the organic carbon chemostratigraphy preserves the characteristics of the 
primary carbon-cycle perturbations associated with the onset of CAMP volcanism and one of the 
most extreme warming events in Earth’s history, the ETE. 
Chapter 3: Stratigraphy and Sedimentology of the Dinosaur Canyon Member 
Abstract 
 
The ETE is associated with both floral and faunal turnover and an increase in 
atmospheric temperature as a result of the influx of carbon into the atmosphere from CAMP 
volcanism. Such periods of abrupt global warming, or hyperthermals, have been hypothesized to 
result in an intensification of the hydrologic cycle, increased rates of terrestrial weathering and 
erosion, and can be associated with a NCIE. Detailed measured sections, high-resolution 
photopanels, outcrop photogrammetry, channel body thickness measurements, and channel 
thalweg grain size measurements were conducted to characterize the sedimentologic response to 
the ETE within the fluvial DCM of the Moenave Formation within southwestern Utah. The 
measured sections of each outcrop reveal interbedded mudstone, siltstone, and sandstone that 
display a general upwards-coarsening trend in the DCM before transitioning into a finer grained 
sequence of lacustrine deposits in the WPM. Within the channelized sand beds of the DCM there 
is an observable increase in channel thalweg grain size and depth adjacent to the NCIE (CIE 1) 
associated with the onset of the ETE. These sedimentologic observations are consistent with an 
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intensification of the hydrologic cycle that resulted in increased precipitation and a subsequent 
increase in water discharge and sediment transport capacity of the ancient river system 
depositing the DCM. These observations are consistent with an interpretation of increased rates 
of precipitation during, and possibly preceding, the ETE that increased fluvial water discharge 
and ultimately lead to the formation of Lake Dixie. This study provides new insight into the 
terrestrial, low latitude response to the ETE hyperthermal, with implications for how surface 
processes could react to current or future periods of atmospheric warming. 
Introduction 
 Hyperthermals represent abrupt periods of global warming in Earth’s history due to the 
substantial input of carbon into the Earth’s atmosphere through a variety of sources (Foster et al., 
2018). The ETE represents a time of geologically abrupt and pronounced changes to the partial 
pressure of carbon dioxide (pCO2) in the atmosphere to values in excess of 2500 ppm by Early 
Jurassic time, and is one of the largest hyperthermals in Earth’s history (Beerling and Berner, 
2002; Huynh and Poulsen, 2005). Evidence of increased pCO2 resulting in an increase in 
atmospheric humidity and an intensification of the hydrologic cycle has been observed in other 
hyperthermals such as the mid-Cretaceous warming period and the Paleocene-Eocene Thermal 
Maximum (PETM) (Bowen et al., 2004). Increasing the intensity of the hydrologic cycle as a 
result of rapid addition of CO2 into the atmosphere is predicted to result in humid, tropical 
regions becoming wetter while arid regions would experience pronounced drought (Whiteside et 
al., 2010; Foster et al., 2018). The fluvial response to intensification of the hydrologic cycle 
associated with the PETM was documented by Foreman et al. (2012) who found preservation of 
larger channels and upper-flow regime sedimentary structures during and following the PETM 
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NCIE. In comparison, the ETE lacks well-preserved terrestrial sections from which to evaluate 
the Earth surface response to this pronounced and extended hyperthermal. 
New constraints on the position 
of the ETE within the Moenave 
Formation of southwestern Utah (this 
study, Chapter 2) allow analysis of the 
sedimentological characteristics of the 
fluvial DCM both before and after the 
onset of the ETE hyperthermal. This 
study characterizes the stratigraphy 
and sedimentology of the DCM in six 
outcrop localities in southwestern Utah: Cedar City, Babylon Canyon, Blacks Canyon, and three 
sections within Warner Valley (Fig. 1; Table 1). In two of these localities (Blacks Canyon and 
Olsen Canyon of Warner Valley), the position of the ETE and TJ boundary is constrained by C-
isotopic chemostratigraphy and detrital zircon U-Pb geochronology (Chapter 2). Measured 
sections provide the framework for correlating the stratigraphy of the Moenave Formation across 
its northern outcrop extent. Measured sections show the highest sand content to the north in the 
Cedar City section, the thickest sections in the middle outcrops of Blacks Canyon and Babylon 
Canyon, and the most channelized sections to the south in the Warner Valley outcrop trend (Fig. 
1). The yellow locations in Figure 1 represent localities where multiple approaches were used to 
characterize the sedimentology and stratigraphy of the DCM, including measured sections, high-
resolution photopanels (GigaPans), and lower resolution sUAS photogrammetry. The combined 
high-resolution outcrop photopanels and the sUAS photogrammetry models provide a highly 
Figure 5: Moenave Formation outcrop study localities 
(circles) and outcrop trend (thick black line) in SW 
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detailed outcrop section that allow detailed measurements of bedding thicknesses (sUAS 
photogrammetry) and visualization of sedimentary structures at the mm-scale (GigaPan).  
Measurement of fluvial channel thalweg grain size and depth within the DCM was 
conducted within Warner Valley where repeated exposures of Moenave Formation outcrop allow 
for sedimentologic changes to be observed laterally over a distance of ~1600 m. Measurements 
were referenced to stratigraphic height above the basal Moenave contact to better understand any 
changes to the surface processes associated with the climatic events that took place during the 
deposition of the Moenave Formation.   
Sedimentologic observations from the Moenave Formation of southwest Utah show an 
increase in fluvial channel density and thalweg grain size at approximately the stratigraphic 
position of the ETE within the Warner Valley sections suggesting an intensification of the 
hydrologic cycle and increased precipitation relative to pre-ETE time. This intensification of the 
hydrologic cycle associated with the ETE hyperthermal increased sediment transport capacity of 
the fluvial DCM relative to pre-ETE paleoenvironments. Increased precipitation during the ETE 
ultimately lead to the deposition of the upper lacustrine member (WPM) of the Moenave 
Formation in the northern extents of the Moenave Formation outcrop trend.  
Methods 
 
 Field work was conducted at five localities where the Moenave Formation outcrops in 
southwest Utah including Cedar City, Babylon Canyon of Red Cliffs National Conservation 
Area, Blacks Canyon of Zion National Park, and Warner Valley (Fig. 1). Within Warner Valley, 
three separate stratigraphic sections were collected to capture outcrop exposures that extend 
laterally over ~1.6 km: Olsen Canyon, Split Canyon, and Tony Hawk Canyon. Detailed 
measured sections were conducted at all six locations using a 1.5 m Jacob’s staff with a Brunton 
  
   34 
compass attached for accurate bed thickness measurements. Stratigraphic height of the measured 
sections was taken in cumulative meters above the contact between the basal Chinle Formation 
and the DCM of the Moenave Formation. The median grain size for each measured bed was 
measured in the field with a hand lens and a grain size card using the Wentworth grain size 
classification scheme. Fresh rock was broken off the cliff-forming beds with a rock hammer to 
estimate grain size while a trench was dug into fresh material when measuring through recessive 
or covered units of mudstone and/or siltstone. In addition to grain size and lithology, sedimentary 
structures and abundances were noted and photographed.  
 After stratigraphic sections were measured, photographs were taken utilizing a sUAS to 
build three-dimensional models of the outcrops using photogrammetry for the purposes of 
channel body measurements and stratigraphic correlation between sections. High-resolution, 
georeferenced photographs were taken with a DJI Mavic 2 Pro maneuvered along transects of 
exposed Moenave Formation outcrop within Warner Valley, Babylon Canyon, and Cedar City. 
Outcrop photos were loaded into the photogrammetry software Agisoft Metashape Pro and 
processed in the following steps: 1) photo alignment, 2) alignment optimization, 3) dense cloud 
generation, 4) mesh generation, 5) texture mapping, and 6) tiled model creation. Orthorectified 
mosaics of each model were exported after aligning the model view parallel to the bedding dip 
direction. The resulting image displays a synthetic cross-section of the stratigraphy that is free of 
parallax distortion, allowing quantitative measurement of stratigraphic distance. Orthorectified 
photomosaics were used for stratigraphic correlation and channel depth measurements in Warner 
Valley. 
 In addition to sUAS photogrammetry models, high-resolution panoramic images were 
taken with a GigaPan mechanized tripod mount using a Canon digital single lens reflex camera 
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and zoom lens (between 100-400mm focal length). Tens to hundreds of outcrop photographs 
were collected at each locality, stitched using GigaPan software into a high-resolution panoramic 
photo, and uploaded to the GigaPan website. The GigaPan images capture detail at the mm scale, 
including sedimentary structures and other features of bedding, complementing the lower 
resolution sUAS photogrammetry models.   
In Warner Valley, fluvial channel depth and grain size measurements were collected 
along the outcrop extent, including at Olsen Canyon, Split Canyon, and Tony Hawk Canyon. 
Fluvial channels were identified as sand bodies that exhibit typical channel body architecture, 
including a concave-upwards, scoured basal contact, and lateral pinch-out. For each fluvial 
channel identified, a sample was taken from the base of the thickest part of the channel (i.e., 
channel thalweg) for grain size analysis and the thickness of the channel was measured from the 
base of the thickest part of the channel to the top of the channel sand bed using a Jacob’s staff. 
Each channel sample was viewed under a binocular microscope to measure the median (P50) and 
the P95 (maximum estimate) grain size using the same Wentworth grain size classification 
scheme and grain size card used to measure sections. All channel depth measurements taken in 
the field were confirmed with measurements from orthophotos of the corresponding outcrop; the 
orthophotos also provided channel depth measurements where in-field measurements were 
difficult or deemed too dangerous to take by hand.  
Results 
 The fluvial DCM of the Moenave Formation varies in thickness and stratigraphic 
character from north to south (Fig. 2). The Blacks Canyon and Babylon Canyon sections have 
the thickest deposits of DCM (~64 and 59 m, respectively) with the DCM being thinner at Cedar 
City (47 m) and Warner Valley (35-39 m; Fig. 2). A thin (0.25-0.5 m) basal conglomerate is 
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observed at three of the six localities: Cedar City, Olsen Canyon, and Tony Hawk Canyon. The 
remainder of the DCM largely comprises finer-grained lithologies, including siltstones, 
mudstones, silty paleosols, and very fine- to fine-grained sandstones.  
Of the six sections measured, four display clear coarsening- and thickening-upwards 
trends (Cedar City, Babylon Canyon, Olsen Canyon, and Split Canyon). The other two sections 
(Blacks Canyon and Tony Hawk Canyon) display more complex stratigraphic trends, with 
Figure 2: Measured sections of the Moenave Formation. Sections are ordered (left to right) from 
north-to-south. The Olsen Canyon, Split Canyon, and Tony Hawk Canyons are all located within 
Warner Valley, UT. The Blacks and Babylon Canyon sections have the WPM included in the 
measured section, but the other sections do not. WPM sections modified from Suarez et al. 
(2017). 
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coarser-grained units at both the lower and upper thirds of the DCM with intervening mud and 
silt rich intervals (Fig. 2). In all sections, the uppermost DCM is a thick, well cemented sand bed, 
or stacks of sand beds, that range from ~3-8 meters in thickness to a 17-meter-thick sand body in 
the Cedar City section. The character of this uppermost sandy interval varies between sections. 
At Cedar City, the northernmost section, this interval is mostly massive with very few 
sedimentary structures. Elsewhere, abundant cross-bedding and ripple laminations are observed. 
The Cedar City section also lacks the finer-grained mudstone and siltstone, lithologies that are 
present at all other sections (Fig. 2). 
The Blacks Canyon and Babylon Canyon sections, which represent the central portion of 
the study area (Fig. 3), display fewer distinct channelized sand bodies and contain more abundant 
recessive units of mud, silt, and thinly bedded sandstone between thinner sand beds that lack the 
Figure 3: High-resolution photopanels of the thickest outcrops of Moenave Formation measured 
in this study: Babylon Canyon (upper panel) and Blacks Canyon (lower panel). The lower grey 
dashed line represented the boundary between the Chinle Formation and the DCM of the 
Moenave Formation, which represents the J-0 unconformity. The orange dashed line represents 
the boundary between the DCM and the WPM of the Moenave Formation and a transition from 
fluvial to lacustrine deposition. The red dashed line represents the contact between the WPM of 
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cross-bedding observed at the Warner Valley sections. The three Warner Valley sections in the 
southern portion of the study area have the highest abundance of distinguishable channel sand 
bodies that are abundant in planar laminations, cross-bedding, and climbing ripples.  
 Three-dimensional outcrop models, corresponding orthomosaic photos, and high-
resolution photopanels further illustrate an increase in channelization upwards in the fluvial 
DCM within the Warner Valley Sections (Figs. 4-6). The high-resolution photopanels of the 
Blacks Canyon and Babylon Canyon sections (Fig. 3) also show stratigraphy of the DCM with 
coarser grained units in the lower and upper thirds of the DCM and silt and mud rich units in 
between (Fig. 2). In addition to clearly displaying the trends in the stratigraphy preserved within 
the DCM, the orthophotos created from the 3D models within Warner Valley allow for the 
approximate correlation of the NCIE associated with the onset of the ETE (yellow dashed line, 
Fig. 3) from Olsen Canyon, where the C-isotope chemostratigraphy and detrital zircon U-Pb 
geochronology was conducted, to Split Canyon and then to the furthest east section, Tony Hawk 
Canyon (Fig. 5). The bulk δ13Corg data from Olsen Canyon (Chapter 2) suggest that the ETE is 
preserved at 24 m above the basal Moenave Formation contact, and the orthophotos from the 
other Warner Valley sections provide the ability to correlate the ETE from Olsen Canyon to Split 
Canyon at ~27 m above the base of the Moenave Formation and then to the Tony Hawk Canyon 
section at ~17 m above the base represented by the yellow dashed line in Figures 5 and 6, 
respectively. 
The orthomosaic models of each canyon allow detailed measurement of channel 
thickness for each section within Warner Valley (Figs. 4-6). The channel bodies that are evident 
from the Olsen Canyon, Split Canyon, and Tony Hawk Canyon outcrops have been outlined in 
white on the sides of the canyon walls (Figs. 4-6) and 24 grain size and 45 channel depth 
  





Figure 4: Orthomosaic models of the west (top) and east (bottom) walls of Olsen Canyon, Warner Valley. Interpreted 
channel bodies are outlined in white and the position of the ETE from C-isotope chemostratigraphy (Chapter 2) is the 
yellow dashed line. 
 
  





Figure 5: Annotated orthomosaic photo of Split Canyon with channels outlined in white and the correlated onset of the ETE as the 
yellow dashed line. 
 
Figure 6: Annotated orthomosaic photo of Tony Hawk Canyon with channel bodies outlined in white and the correlated location of 
the onset of the ETE as the yellow dashed line. 
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measurements are plotted relative to height above the onset of the ETE that has been correlated 
from Olsen Canyon. These data show the lack of observable channels prior to ~12 m below the 
onset of the ETE, followed by fine-grained channels 12—7 m below the onset of the ETE, and 
an increase in grain size of ~1-1.5 Phi approximately 5 m below to 5 m above the onset of the 
ETE before fining upwards again into silt and lower very fine sand at heights greater than 5 
meters above the boundary (Fig. 7). The channel sand samples 5-15 m below the onset of the 
ETE range from 4.5-3.75 Phi in median grain size (P50) and 3.75-2.75 Phi in the coarsest grain 
Figure 7: Plot of the median grain size (P50), maximum grain size (P95), and channel depth 
associated with each channel sample vs stratigraphic heigh above or below the ETE (0 m). Grey 
line represents a moving average of the samples. Note the lack of observable channels below 
~12 m below the onset of the ETE (0 m).  
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sizes (P95), which corresponds to silt-lower very fine sand and lower very fine to lower fine sand, 
respectively, on the Wentworth grain size classification. The interval 5 m below and 5 m above 
the onset of the ETE contains P50 grain sizes ranging from 4.5-2.75 Phi (silt to lower fine sand) 
and P95 grain sizes from 3.75-1.25 (lower very fine to upper medium sand), and the channel 
sands in the upper DCM, 5-15 m above the onset of the ETE, return to the fine grain sizes 
associated with the sand 5-15 m below the onset of the ETE. The coarsest channel samples 
identified (P50 upper very fine to lower fine, P95 upper fine to upper medium) occur exclusively 
within this zone adjacent to the inferred ETE position (Fig. 7). 
The channel depth data for the Warner Valley outcrop sections show a similar trend to 
that of the grain size data, with an increase in the average channel depth in a zone adjacent to the 
position of the ETE (Fig. 7). Below the inferred position of the ETE, the channel depths for 
Warner Valley range from 0.75-2 m, and approaching the ETE the average channel depth has a 
slight increase to 2 m before decreasing upwards at ~2.5 m above the onset of the ETE to an 
average channel depth of ~1.25 m. However, there is a high degree of scatter in the data with 
outliers of deeper channels below the ETE as well as shallow channels at and above the ETE. 
Additionally, the channel depth data does not reflect an increased magnitude below to the 
position of the ETE like what is observed in the channel grain size data (Fig. 7). 
Discussion  
Late Triassic-Early Jurassic time records a dynamic interval of Earth’s history that 
includes the breakup of the supercontinent of Pangea, emplacement of the CAMP that released 
extensive volumes of methane and carbon dioxide (8,000 and 5,000 gigatons respectively) into 
the atmosphere, and associated massive biotic turnover in both terrestrial and marine realms 
(Sepkoski, 1984; Wignall, 2001; Beerling and Berner, 2002). Paleoclimatic and paleogeographic 
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reconstructions of low latitude regions of the western interior of North America in Late Triassic 
time suggest a warm, semiarid to subhumid region with a highly monsoonal climate (Dubiel et 
al., 1991; Therrien and Fastovsky, 2000; Cleveland et al., 2008b). Previous studies that aimed to 
quantify the paleoclimate of the end Triassic focused on C-isotope chemostratigraphy and 
biostratigraphy within Chinle Formation paleosols, providing evidence for increased aridity and 
increased seasonal and monsoonal driven precipitation in paleo-low latitude regions during Late 
Triassic time. However Chapter 2 of this study concludes that Upper Triassic sedimentary 
deposits extend through the Chinle Formation into the DCM of the Moenave Formation (Tanner, 
2003; Cleveland et al., 2008a; Whiteside et al., 2015). Whiteside et al. (2015) interprets, based 
on pCO2 data, organic C-isotopes, and palynomorph and vertebrate fossil records of the Chinle 
Formation, that the frequency of seasonal extremes increased into the Late Triassic of western 
Pangea while the increased aridity associated with the Chinle Formation can be associated with 
the northward drift of central Pangea. 
The DCM has been hypothesized to have been deposited by north-northwest trending 
fluvial systems (e.g. Tanner and Lucas, 2007), and this hypothesis is supported by the 
observation that there is a change in stratigraphy from the thicker DCM sections to the south that 
contain abundant channelization, climbing ripples, and laminar bedding to thinner DCM sections 
to the north with massive bedding and a lack of defined channels. The presence of the fine sand 
within both the northernmost DCM section (Cedar City) and the southern DCM sections (Warner 
Valley) further indicates that the fluvial system of the DCM had the hydrologic capabilities of 
transporting sand-sized sediment throughout the extent of the system.  
The sedimentologic and stratigraphic data presented herein from Warner Valley show an 
increase in the average channel grain size and channel depth around the stratigraphic position of 
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the ETE within the DCM and then an upwards-fining sequence before the deposition of the 
lacustrine WPM. Increased channel grain size and depth surrounding the ETE provides evidence 
that there was an intensification of the hydrologic cycle during, or possibly immediately 
preceding, the ETE warming period in the paleo-low latitude region of Pangea. Additionally, the 
measured sections (Fig. 2) and the grain size data (Fig. 7) show that the DCM does not strictly 
increase in grain size upwards through the section before transitioning into lacustrine deposition 
of the WPM (Tanner and Lucas, 2007, 2010). Instead, grain size tends to increase directly below 
and above the interpreted stratigraphic position of the ETE then fines upwards into the WPM. 
This cyclical sedimentary pattern could reflect a more immediate and short-lived response to 
global warming, as opposed to prolonged changes to the hydrologic cycle, or a pulse in the 
hydrologic cycle that precedes the sedimentary record of a climatic shift (i.e., the δ13C record). 
The hypothesis that the hydrologic cycle was intensified during deposition of the DCM 
was further investigated by considering the sediment transport capacity of the fluvial system 
associated with the latest Triassic warm, arid paleoenvironment by using the channel depth and 
grain size data as an approximate proxy for fluvial flow conditions (Fig. 7). The shift in channel 
thalweg grain size in the lower DCM, from silt and very fine lower sand dominated channels 
below the CIE 1 to slightly coarser (very fine upper and fine lower) sand around the onset of the 
ETE, suggests that there is a corresponding shift in the channel system’s ability to carry a higher 
caliber of sediment (Foreman et al., 2012; Lynds et al., 2014; Foster et al., 2018).Ultimately, the 
channel depth data, while highly variable throughout the DCM, is characterized by an overall 
increase of ~0.5 m in the moving average at approximately 2.5 m below the onset of the ETE 
before declining into shallower channels again above the boundary (Fig. 7). While there is an 
observable increase in both grain size and channel depth, the channel depth data does not exactly 
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mirror the increase in grain size (Fig. 7). Instead, the peak average channel depth occurs ~2.5 m 
above the peak grain size (Fig. 7).  
The increase in channel depth observed within the vicinity of the CIE 1 could be 
interpreted as an increase in bankfull water discharge which could also be associated with an 
increase in the grain size transported through the system because channel grain size will scale 
with basal shear stress (Wiberg and Smith, 1987). The shift in grain size is observed in both the 
median grain size (P50) and coarsest grain size (P95) observed in the samples (Fig. 7). The lack of 
preserved medium and coarse sand in the fluvial system indicates there is a limitation to channel 
size, slope, and flow velocity, and this could be explained if the Moenave Formation trend in SW 
Utah was at the distal end of larger fluvial system and the coarser sediment was deposited more 
proximally to the source (Ruiz-Martínez et al., 2012).  
Increased channel depth and grain size in the vicinity of the inferred ETE onset is 
consistent with an interpretation of changing paleoclimate. Specifically, a temporary increase in 
precipitation, or perhaps seasonality, could explain a shift towards enhanced sediment transport 
carrying capacity of the fluvial system. This inference may agree with previous interpretations of 
unstable, extreme climate variability with recurring arid and humid conditions within low-
latitude regions of Late Triassic time (Whiteside et al., 2015). Studies of terrestrial stratigraphy 
related to the ETE are not as extensive as other hyperthermals, but similar conclusions have been 
made for fluvial systems associated with the PETM that contain evidence for increased 
atmospheric humidity, temperature, and pCO2 that caused an intensification of the hydrologic 
cycle and enhanced monsoonal seasonality (Bowen et al., 2004; Foreman et al., 2012). 
The hypothesis for an intensification of the hydrologic cycle examines an allogenic 
climatic driver for the observed change to the stratigraphy. However, other causes for the 
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transitions from the fine-grained lower DCM to the channelized, coarser-grained mid- to upper-
DCM to the lacustrine facies of the Moenave Formation (WPM) may be presented. The 
northward progression of the North American plate to higher latitudes coinciding with the Late 
Triassic is an example of an alternate hypothesis for the changes to the hydrologic system. 
However, the observation of a heightened fluvial system surrounding the interpreted ETE 
followed by the finer grained, smaller channels right before the deposition of the WPM suggests 
a rapid cyclical-type change to hydrologic conditions, which ultimately do not support the 
geologically slower processes of the northward migration of the continental plate.  
Figure 9 presents a summary of interpreted paleoclimate and fluvial sedimentology of the 
DCM.  Pre-ETE paleoenvironments are represented by a general lack of distinctive channel 
bodies (up until ~12 m below the inferred ETE onset) or shallower, narrower channels (~12-0 m 
below the inferred ETE onset) in the DCM fluvial system that then transitioned to larger 
channels (~1-5 m above the ETE onset) with the onset of increased atmospheric CO2 and 
bankfull discharge (Fig. 8). Finally, increased precipitation associated with the ETE 
hyperthermal ultimately resulted in lacustrine deposition of the WPM.  
Figure 8: Inferred location of the ETE (yellow dashed line) within the Tony Hawk Canyon 
section. Finer grained, more recessive lower DCM is deposited prior to the onset of the ETE and 
the more channelized upper DCM follows the onset of the ETE. The lacustrine WPM is deposited 
through the TJ boundary overlying the DCM. 
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Conclusions  
 This study provides new sedimentologic and stratigraphic data for the fluvial DCM of the 
Moenave Formation that are interpreted to reflect an intensification of the hydrologic cycle 
associated with the ETE hyperthermal event. The sedimentologic response to increased 
atmospheric CO2 and CH4 associated with the ETE included a temporary increase in fluvial 
channel grain size and depth that is superimposed on an overall upwards-coarsening trend in the 
DCM surrounding the inferred position of the ETE. The stratigraphy ultimately fines upward in 
the upper DCM following the ETE before transitioning to the finer grained, lacustrine WPM 
(Fig. 8). Fluvial systems that reworked the landscape of this paleo-low latitude, latest Triassic 
paleoenvironment thus appear to be directly influenced by changing atmospheric conditions 
associated with the ETE hyperthermal. Specifically, these fluvial systems show an increased 
ability to transport water and coarser sediment following the onset of the ETE. Deposition of 
Lake Dixie in the northern portion of the Moenave Formation outcrop trend may reflect this 
increase in precipitation and fluvial capacity associated with intensification of the hydrologic 
cycle during the ETE hyperthermal. These results have implications for better understanding 
Figure 9: Schematic depiction of depositional and climatic conditions during deposition of the 
Moenave Formation. Intensification of the hydrologic cycle resulted in deeper, coarser grained 
channels (upper DCM) and the ultimate deposition of a lake (WPM). 
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how modern or future periods of global atmospheric warming will affect surface processes in 
warm, low-latitude, terrestrial environments, and suggests that periods of warming as severe as 
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Appendix 
 
Table 1: Moenave Formation outcrop GPS coordinates. 
Moenave Outcrop  Latitude  Longitude  
Cedar City 37.68093 -113.04284 
Babylon Canyon 37.20649 -113.34861 
Blacks Canyon 37.20146 -113.00166 
Olsen Canyon 37.01763 -113.38950 
Split Canyon 37.01744 -113.38586 
Tony Hawk Canyon 37.01930 -113.37605 
 
Table 2: Raw organic C-isotope data reported for each sample ID for Blacks Canyon, 
stratigraphic height above the Chinle-Moenave contact, the δ13C value, and the percentage of 
organic carbon in the sample. 
C-Isotopes       
      
Sample Identifier Strat Height (m) 13C (‰ -VPDB) TOC (%) 
ZDCM-2018-0 0.4 -26.51 0.01 
ZDCM-2018-1 0.5 -24.53 0.02 
ZDCM-2018-2 0.75 -24.23 0.01 
ZDCM-2018-3 1 -25.43 0.01 
ZDCM-2018-4 1.25 -24.47 0.01 
ZDCM-2018-6 1.75 -25.26 0.02 
ZDCM-2018-7 2 -24.61 0.02 
ZDCM-2018-8 2.25 -25.52 0.01 
ZDCM-2018-9 2.5 -25.92 0.02 
ZDCM-2018-10 2.75 -28.01 0.01 
ZDCM-2018-11 3 -25.52 0.01 
ZDCM-2018-12 3.25 -19.41 0.03 
ZDCM-2018-14 3.75 -24.79 0.02 
ZDCM-2018-15 4 -24.28 0.01 
ZDCM-2018-16 4.25 -25.36 0.02 
ZDCM-2018-17 4.5 -24.94 0.02 
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ZDCM-2018-18 4.75 -25.56 0.02 
ZDCM-2018-19 5 -24.82 0.02 
ZDCM-2018-20 5.25 -24.73 0.02 
ZDCM-2018-20B 5.5 -25.35 0.02 
ZDCM-2018-21 5.75 -25.83 0.02 
ZDCM-2018-22 6 -25.68 0.02 
ZDCM-2018-23 6.25 -25.35 0.02 
ZDCM-2018-24 6.5 -25.56 0.02 
ZDCM-2018-25 6.75 -27.11 0.01 
ZDCM-2018-26 7 -24.69 0.01 
ZDCM-2018-27 7.25 -24.38 0.01 
ZDCM-2018-28 7.5 -24.99 0.02 
ZDCM-2018-29 7.75 -24.78 0.01 
ZDCM-2018-31 8.25 -24.51 0.01 
ZDCM-2018-32 8.5 -25.32 0.01 
ZDCM-2018-34 9 -25.21 0.01 
ZDCM-2018-36 9.5 -25.92 0.02 
ZDCM-2018-37 9.75 -24.83 0.02 
ZDCM-2018-38 10 -24.28 0.02 
ZDCM-2018-41 10.75 -24.81 0.01 
ZDCM-2018-43 11.25 -25.52 0.02 
ZDCM-2018-45 11.75 -26.81 0.02 
ZDCM-2018-49 12.75 -25.32 0.02 
ZDCM-2018-52 13.5 -23.41 0.03 
ZDCM-2018-54 14 -24.58 0.02 
ZDCM-2018-55 14.25 -25.67 0.01 
ZDCM-2018-56 14.5 -23.82 0.03 
ZDCM-2018-57 14.75 -23.62 0.02 
ZDCM-2018-58 15.25 -24.47 0.02 
ZDCM-2018-59 15.75 -24.17 0.02 
ZDCM-2018-60 16 -26.74 0.01 
ZDCM-2018-61 16.5 -23.81 0.02 
ZDCM-2018-62 16.75 -24.30 0.02 
ZDCM-2018-63 17 -24.58 0.02 
ZDCM-2018-64 17.5 -23.87 0.02 
ZDCM-2018-65 18 -23.99 0.02 
ZDCM-2018-67 19 -24.84 0.02 
ZDCM-2018-68 19.25 -26.85 0.04 
ZDCM-2018-69 19.75 -24.51 0.02 
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ZDCM-2018-70 20.25 -26.46 0.02 
ZDCM-2018-71 20.75 -24.11 0.02 
ZDCM-2018-72 21.25 -24.51 0.02 
ZDCM-2018-73 21.75 -25.33 0.03 
ZDCM-2018-74 22 -24.32 0.02 
ZDCM-2018-76 22.75 -25.41 0.02 
ZDCM-2018-77 23.25 -24.56 0.02 
ZDCM-2018-78 23.75 -24.88 0.02 
ZDCM-2018-79 24.25 -24.97 0.02 
ZDCM-2018-81 25.25 -25.60 0.02 
ZDCM-2018-83 26.25 -24.19 0.02 
ZDCM-2018-84 26.75 -24.86 0.02 
ZDCM-2018-86 27.75 -26.46 0.02 
ZDCM-2018-87 28 -25.36 0.02 
ZDCM-2018-88 28.25 -24.21 0.02 
ZDCM-2018-89 28.5 -23.21 0.01 
ZDCM-2018-91 29.25 -23.74 0.02 
ZDCM-2018-92 29.75 -24.83 0.02 
ZDCM-2018-93 30.25 -24.70 0.02 
ZDCM-2018-94 30.75 -24.29 0.02 
ZDCM-2018-95 31.25 -24.69 0.02 
ZDCM-2018-96 31.75 -25.52 0.03 
ZDCM-2018-97 32.25 -25.94 0.03 
ZDCM-2018-98 32.75 -25.89 0.03 
ZDCM-2018-99 33.25 -25.65 0.03 
ZDCM-2018-101 34.25 -26.30 0.03 
ZDCM-2018-103 35 -26.37 0.04 
ZDCM-2018-104 35.25 -25.91 0.03 
ZDCM-2018-107 36 -24.90 0.03 
ZDCM-2018-108 36.25 -28.13 0.04 
ZDCM-2018-109 36.5 -28.55 0.03 
ZDCM-2018-110 36.75 -31.49 0.03 
ZDCM-2018-111 37 -30.93 0.04 
ZDCM-2018-112 37.5 -26.42 0.06 
ZDCM-2018-114 38 -28.38 0.04 
ZDCM-2018-116 38.5 -29.62 0.04 
ZDCM-2018-118 39 -26.78 0.05 
ZDCM-2018-119 39.25 -26.64 0.06 
ZDCM-2018-120 39.5 -29.62 0.04 
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ZDCM-2018-121 39.75 -30.71 0.03 
ZDCM-2018-122 40 -27.13 0.05 
ZDCM-2018-123 40.25 -27.46 0.05 
ZDCM-2018-124 40.5 -29.24 0.04 
ZDCM-2018-127 41.25 -28.66 0.04 
ZDCM-2018-128 41.5 -30.74 0.04 
ZDCM-2018-129 41.75 -29.04 0.04 
ZDCM-2018-131 42.25 -30.45 0.04 
ZDCM-2018-132 42.5 -29.87 0.03 
ZDCM-2018-133 42.75 -30.12 0.03 
ZDCM-2018-134 43 -28.81 0.04 
ZDCM-2018-136 43.5 -30.83 0.05 
ZDCM-2018-137 43.75 -28.32 0.05 
ZDCM-2018-138 44.25 -28.76 0.05 
ZDCM-2018-139 44.5 -27.02 0.04 
ZDCM-2018-144 45.75 -28.07 0.04 
ZDCM-2018-146 46.25 -28.11 0.04 
ZDCM-2018-147 46.5 -26.08 0.03 
ZDCM-2018-148 46.75 -26.77 0.03 
ZDCM-2018-149 47 -26.69 0.03 
ZDCM-2018-150 47.25 -26.82 0.03 
ZDCM-2018-151 47.5 -26.94 0.03 
ZDCM-2018-153 48 -26.81 0.02 
ZDCM-2018-154 48.25 -26.76 0.03 
ZDCM-2018-155 48.5 -32.49 0.04 
ZDCM-2018-156 48.75 -26.47 0.02 
ZDCM-2018-157 49 -32.14 0.04 
ZDCM-2018-158 49.25 -26.60 0.05 
ZDCM-2018-159 49.75 -26.70 0.03 
ZDCM-2018-161 50.25 -25.58 0.02 
ZDCM-2018-162 50.5 -26.00 0.04 
ZDCM-2018-163 50.75 -24.11 0.03 
ZDCM-2018-165 51.25 -24.32 0.06 
ZDCM-2018-166 51.5 -23.88 0.02 
ZDCM-2018-167 51.75 -24.31 0.03 
ZDCM-2018-168 52 -25.69 0.02 
ZDCM-2018-169 52.25 -24.54 0.02 
ZDCM-2018-170 52.5 -25.13 0.02 
ZDCM-2018-171 52.75 -25.76 0.02 
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ZDCM-2018-172 53 -24.45 0.02 
ZDCM-2018-173 53.25 -25.42 0.02 
ZDCM-2018-174 53.75 -25.80 0.02 
ZDCM-2018-176 54.25 -25.88 0.02 
ZDCM-2018-177 54.5 -25.96 0.02 
ZDCM-2018-178 54.75 -26.33 0.03 
ZDCM-2018-179 55 -25.73 0.02 
ZDCM-2018-180 55.25 -26.07 0.02 
ZDCM-2018-181 55.5 -26.38 0.02 
ZDCM-2018-182 55.75 -27.14 0.02 
ZDCM-2018-183 56 -25.74 0.03 
ZDCM-2018-185 56.75 -26.10 0.02 
ZDCM-2018-186 57 -26.55 0.02 
ZDCM-2018-187 57.25 -25.93 0.02 
ZDCM-2018-188 57.75 -25.35 0.02 
ZDCM-2018-189 58.25 -26.28 0.02 
ZDCM-2018-190 58.75 -26.16 0.02 
ZDCM-2018-191 59.25 -25.68 0.03 
ZDCM-2018-193 59.75 -25.73 0.02 
ZDCM-2018-194 60 -27.31 0.03 
ZDCM-2018-195 60.25 -26.98 0.04 
ZDCM-2018-196 60.5 -27.48 0.04 
ZDCM-2018-197 60.75 -27.38 0.02 
ZDCM-2018-198 61 -27.79 0.03 
ZDCM-2018-199 61.75 -27.38 0.03 
ZDCM-2018-200 62.25 -27.26 0.03 
ZDCM-2018-201 62.75 -27.27 0.03 
ZDCM-2018-202 63.25 -27.97 0.03 
ZDCM-2018-203 63.75 -27.91 0.04 
Suarez et al., 2017 64 -26.42   
Suarez et al., 2017 64.25 -25.81   
Suarez et al., 2017 64.5 -26.56   
Suarez et al., 2017 64.75 -25.82   
Suarez et al., 2017 65 -25.73   
Suarez et al., 2017 65.25 -26.09   
Suarez et al., 2017 65.5 -26.11   
Suarez et al., 2017 65.75 -25.96   
Suarez et al., 2017 66 -25.74   
Suarez et al., 2017 66.25 -25.47   
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Suarez et al., 2017 66.5 -25.68   
Suarez et al., 2017 66.75 -25.33   
Suarez et al., 2017 67 -25.50   
Suarez et al., 2017 67.25 -25.71   
Suarez et al., 2017 67.5 -25.56   
Suarez et al., 2017 67.75 -24.97   
Suarez et al., 2017 68 -25.39   
Suarez et al., 2017 68.25 -26.62   
Suarez et al., 2017 68.5 -26.45   
Suarez et al., 2017 68.75 -26.31   
Suarez et al., 2017 69 -26.04   
Suarez et al., 2017 69.25 -26.15   
Suarez et al., 2017 69.5 -24.31   
Suarez et al., 2017 69.75 -24.42   
Suarez et al., 2017 70 -25.17   
Suarez et al., 2017 70.25 -25.58   
Suarez et al., 2017 70.5 -25.19   
Suarez et al., 2017 70.75 -25.99   
Suarez et al., 2017 71 -26.82   
Suarez et al., 2017 71.25 -25.73   
Suarez et al., 2017 71.5 -26.18   
Suarez et al., 2017 71.75 -27.19   
Suarez et al., 2017 72 -26.60   
Suarez et al., 2017 72.25 -27.69   
Suarez et al., 2017 72.5 -27.29   
Suarez et al., 2017 72.75 -25.52   
Suarez et al., 2017 73 -27.77   
Suarez et al., 2017 73.25 -27.29   
Suarez et al., 2017 73.5 -27.95   
Suarez et al., 2017 73.75 -28.16   
Suarez et al., 2017 74 -27.46   
Suarez et al., 2017 74.25 -28.32   
Suarez et al., 2017 74.5 -27.84   
Suarez et al., 2017 74.75 -25.68   
Suarez et al., 2017 75 -28.41   
Suarez et al., 2017 75.25 -28.47   
Suarez et al., 2017 75.5 -27.81   
Suarez et al., 2017 75.75 -27.85   
Suarez et al., 2017 76 -28.10   
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Suarez et al., 2017 76.25 -27.57   
Suarez et al., 2017 76.5 -27.10   
Suarez et al., 2017 76.75 -27.70   
Suarez et al., 2017 77 -27.60   
Suarez et al., 2017 77.25 -26.53   
Suarez et al., 2017 77.5 -27.52   
Suarez et al., 2017 77.5 -27.15   
Suarez et al., 2017 77.75 -26.90   
Suarez et al., 2017 78 -26.19   
Suarez et al., 2017 78.25 -27.73   
Suarez et al., 2017 78.5 -25.46   
Suarez et al., 2017 79 -22.94   
Suarez et al., 2017 79.25 -23.54   
Suarez et al., 2017 79.5 -28.39   
Suarez et al., 2017 79.75 -28.74   
Suarez et al., 2017 80 -28.78   
Suarez et al., 2017 80.25 -27.99   
Suarez et al., 2017 80.5 -28.73   
Suarez et al., 2017 80.75 -28.60   
Suarez et al., 2017 81 -29.02   
Suarez et al., 2017 81.25 -29.19   
Suarez et al., 2017 81.5 -28.93   
Suarez et al., 2017 81.65 -28.34   
Suarez et al., 2017 81.75 -27.89   
Suarez et al., 2017 82.05 -28.37   
Suarez et al., 2017 82.5 -28.98   
Suarez et al., 2017 82.75 -29.03   
Suarez et al., 2017 83 -31.21   
Suarez et al., 2017 83.25 -30.26   
Suarez et al., 2017 83.5 -29.62   
Suarez et al., 2017 83.75 -29.70   
Suarez et al., 2017 84 -28.37   
Suarez et al., 2017 84.25 -28.10   
Suarez et al., 2017 84.5 -27.75   
Suarez et al., 2017 84.75 -29.08   
Suarez et al., 2017 85 -27.94   
Suarez et al., 2017 85.25 -27.12   
Suarez et al., 2017 85.5 -27.64   
Suarez et al., 2017 85.75 -27.39   
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Suarez et al., 2017 86 -28.13   
Suarez et al., 2017 86.25 -28.02   
Suarez et al., 2017 86.5 -28.45   
Suarez et al., 2017 86.75 -28.71   
Suarez et al., 2017 87 -27.57   
Suarez et al., 2017 87.25 -28.17   
Suarez et al., 2017 87.5 -28.43   
Suarez et al., 2017 87.75 -27.68   
Suarez et al., 2017 88 -27.61   
Suarez et al., 2017 88.25 -27.38   
Suarez et al., 2017 88.5 -28.55   
Suarez et al., 2017 88.75 -28.36   
Suarez et al., 2017 89 -28.57   
Suarez et al., 2017 89.25 -28.54   
 
Table 3: Stratigraphic sample collections of channel grain size and depths from canyons in 
Warner Valley, Ut. 
Stratigraphic Channel Samples from Warner Valley, Utah 
   Grain Size (Phi) 
Channel Sample ID 
Strat Height 
(m) Channel Depth (m) P50 P95 
Olsen Canyon     
OC 1 19 0.97   
OC 2 18.4 0.72   
OC 3 18.2 0.76   
OC 4 18.8 0.44   
OC 5 19.25 0.88   
OC 6 21.75 1.21   
OC 7 22 1.24   
OC 8 22.25 0.905   
OC 9 24.8 0.8   
OC 10 30 0.33   
OC 11 30.2 0.78   
OC 12 30.25 0.98   
OC 13 30.25 2.34   
OC 14 31 0.69   
OC 15 31.25 1.13   
OC 16 37 0.52   
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OC 10b 14.5 1.9 4.5 3.25 
OC 11b 17.5 1.37 4.5 3.75 
OC 14b 20 2.66   
OC 16b 20.8 1.3 3.25 2.25 
OC 17 24.25 0.86 3.75 3.25 
OC 20 29.2 0.25 4.5 3.75 
OC 23 30.25 0.54 4.5 3.75 
OC 25 22 0.92 3.75 2.25 
OC 27 35.2 0.98 4.5 3.75 
Split Canyon     
SCC 1 25 0.96 2.75 1.25 
SCC 4 28.75 1.25 4.5 3.75 
SCC 6 32.75 1.92 3.75 3.25 
SCC 7 30.75 2.81 3.75 3.25 
SCC 14 29 1.78 4.5 3.75 
Tony Hawk Canyon     
TH 3 6.75 3.4   
TH 4 5 0.52 3.75 2.75 
TH 5 5.75 0.56 4.5 3.75 
TH 6 9.4 1.48 3.75 3.25 
TH 6b 11.5 0.99   
TH 6c 10.2 0.63   
TH 7 16.9 2.31 3.25 2.75 
TH 8 7.6 0.56 4.5 3.75 
TH 9 6.8 0.73 4.5 3.75 
TH 10 8.25 3.52 4.5 3.25 
TH 11 13.25 0.83 3.25 2.75 
TH 14 18 2.48 3.25 1.75 
TH 18 23.9 0.82 3.75 2.75 
TH 22 25.75 2.35 4.5 3.75 
TH 22b 29.75 2.9   
 
